The highly conserved WalK/WalR (also known as YycG/YycF) two-component system is specific to low-G؉C gram-positive bacteria. While this system is essential for cell viability, both the nature of its regulon and its physiological role have remained mostly uncharacterized. We observed that, unexpectedly, Staphylococcus aureus cell death induced by WalKR depletion was not followed by lysis. We show that WalKR positively controls autolytic activity, in particular that of the two major S. aureus autolysins, AtlA and LytM. By using our previously characterized consensus WalR binding site and carefully reexamining the genome annotations, we identified nine genes potentially belonging to the WalKR regulon that appeared to be involved in S. aureus cell wall degradation. Expression of all of these genes was positively controlled by WalKR levels in the cell, leading to high resistance to Triton X-100-induced lysis when the cells were starved for WalKR. Cells lacking WalKR were also more resistant to lysostaphin-induced lysis, suggesting modifications in cell wall structure. Indeed, lowered levels of WalKR led to a significant decrease in peptidoglycan biosynthesis and turnover and to cell wall modifications, which included increased peptidoglycan cross-linking and glycan chain length. We also demonstrated a direct relationship between WalKR levels and the ability to form biofilms. This is the first example in S. aureus of a regulatory system positively controlling autolysin synthesis and biofilm formation. Taken together, our results now define this signal transduction pathway as a master regulatory system for cell wall metabolism, which we have accordingly renamed WalK/WalR to reflect its true function.
Staphylococcus aureus, a major gram-positive pathogen, is a leading cause of both hospital-and community-acquired infections. S. aureus is responsible for a wide spectrum of diseases, ranging from superficial skin infections to life-threatening septicemia, endocarditis, and pneumonia. This tenacious pathogen has rapidly emerged as a major public health threat through the increased appearance of drug-resistant isolates, particularly methicillin-and vancomycin-resistant strain (MRSA and VRSA) often resulting in the inability to treat certain infections (46) .
S. aureus is a widespread bacterium that can persist through asymptomatic carriage either as a commensal of the human nose, in 30 to 70% of the population, or as part of the epidermal flora, factors favoring dissemination of S. aureus infections (9, 55) . S. aureus can also survive outside the host in various environments, such as water and soil. Recognition of environmental signals enables S. aureus to adapt by coordinating gene expression to survive a diverse range of stresses. Two-component systems (TCSs) are integrative signal transduction regulatory pathways composed of a sensing module, a histidine kinase, and its cognate transcription regulator. TCSs are key components allowing adaptation of bacterial metabolism to various environments. Genome scanning has predicted 17 potential TCSs in S. aureus, some of which have been reported to be regulators of bacterial virulence. The AgrCA TCS is a well-known global regulatory system controlling numerous genes involved in S. aureus virulence, such as cytotoxin-and hemolysin-encoding genes, but other TCSs, such as ArlSR, SaeSR, VraSR, and SsrAB, have also been reported to play roles in S. aureus virulence (2, 32, 41) .
While TCSs are regulatory systems responsible for bacterial fitness under certain stress conditions, few to date have been shown to be essential for cell viability. Among these, the WalK/ WalR (also known as YycG/YycF) TCS is highly conserved and specific to low-GϩC gram-positive bacteria. It has been shown, or is thought, to be essential in Bacillus subtilis, S. aureus, Enterococcus faecalis, Listeria monocytogenes, Streptococcus pneumoniae, and Streptococcus mutans (13, 15, 20, 22, 30, 33, 36, 49) .
The first two genes of the yycFG operon encode the WalKR TCS. Interestingly, within the phylum Firmicutes, the structural organization of this operon varies significantly between the different orders of the class Bacillus. In the order Bacillales, as well as in most of the Lactobacillales, the operon contains several additional genes, six in total for B. subtilis and the family Listeriaceae (yycFGHIJ yyxA) but only five in the family Staphylococcaceae, in which the last gene, yyxA, encoding an HtrA-like protease, is missing. In contrast, in members of the order Streptococcaceae, the operon is limited to only three genes, yycFGJ. The reason for the essential nature of this TCS remains elusive in most bacteria, except for S. pneumoniae, in which WalKR-dependent expression of pcsB is required for cell viability (39, 40) . PcsB (Spr2021) is a CHAP (cysteine, histidine-dependent amidohydrolase/peptidase) domain protein that is essential in S. pneumoniae and has been shown to be involved in cell wall synthesis (39) . Expression profiling of S. pneumoniae cells starved for WalKR revealed that the TCS controls additional genes encoding potential cell wall-associated proteins (40) .
In B. subtilis, we have previously shown that the WalR response regulator binds specifically in vitro to the promoter regions of four genes involved in cell wall metabolism: yocH and ykvT, encoding potential cell wall hydrolyases, as well as tagAD, whose products are key enzymes of teichoic acid biosynthesis (26) . In S. aureus, the viability of a yycF thermosensitive mutant under nonpermissive conditions was restored by high sucrose and NaCl concentrations, suggesting a role for the WalKR TCS in the regulation of cell wall structure (36) . During our previous studies of the WalKR TCS of S. aureus (13) , we showed that WalR binds specifically in vitro to the promoter regions of lytM, encoding a major autolysin, as well as ssaA and isaA, which as we show here encode proteins potentially involved in peptidoglycan hydrolysis.
The effect of the WalKR TCS on cell wall metabolism has not been specifically studied. Our interest in this subject was initiated by the following observation: while the absence of this TCS in S. aureus is lethal, there is no cell lysis after bacterial death. We show here that the activities of the two major S. aureus autolysins, AtlA and LytM, are positively controlled by the WalKR TCS. These results are correlated with transcriptional activation of atlA and lytM, as well as several additional genes encoding potential cell wall-hydrolytic enzymes. Further investigation of the influence of the WalKR TCS on peptidoglycan composition allowed us to show that lowered levels of WalKR led to increases in peptidoglycan cross-linking and glycan chain length. We also show that peptidoglycan biosynthesis and turnover rates are significantly lowered under conditions of WalKR depletion. Additionally, we demonstrate a direct relationship between WalKR levels in the cell and the ability to form biofilms. This is the first example in S. aureus of a TCS positively controlling autolysin synthesis and biofilm formation.
Taken together, results obtained with different bacteria clearly indicate that although the regulons controlled in the various members of the closely related low-GϩC group of bacteria appear to be quite different, it is now clear that the WalKR TCS plays an essential role in cell wall metabolism. In order to standardize the nomenclature for this system in different bacteria and better reflect its true function, we suggest that it be henceforth referred to as WalK (histidine kinase) and WalR (response regulator).
MATERIALS AND METHODS
Bacterial strains and growth media. S. aureus strain ST1000 (RN4220 PspacyycF) carries plasmid pSD3-3 (13), a derivative of pDH88 (25) , integrated at the yycFGHIJ locus, placing the entire operon under the control of the Pspac isopropyl-␤-D-thiogalactopyranoside (IPTG)-inducible promoter. S. aureus strains were grown in Trypticase soy broth (TSB) supplemented with chloramphenicol (10 g ml Ϫ1 ).
Viability testing. Bacteria were stained using the LIVE/DEAD BacLight viability assay L-7012 (Molecular Probes-Invitrogen, Carlsbad, CA). This stain distinguishes live cells from dead bacteria based on membrane integrity and two nucleic acid stains. The green fluorochrome (SYTO 9) can penetrate intact membranes, while the larger red fluorochrome (propidium iodide) penetrates only compromised membranes of dead bacteria. Bacterial cultures were grown in TSB with or without IPTG (1 mM). At appropriate optical densities (ODs), the cultures were washed three times in phosphate-buffered saline (PBS) and concentrated in PBS between 2 and 10 times depending on the initial ODs. Staining and fluorescence microscopic observations were then carried out as specified by the manufacturer.
Zymographic analysis of bacteriolytic activities. Protein preparations, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and detection of bacteriolytic activities were performed as previously described with some modifications (51) . Briefly, SDS-extracted proteins were prepared from 50-ml cultures of strain ST1000 grown in TSB with or without IPTG (1 mM) to an OD at 600 nm (OD 600 ) of approximately 1 at 37°C with aeration (up to that point, cultures grown with and without IPTG had the same growth rate). Cells were harvested by centrifugation (10 min; 5,200 ϫ g), and the pellets were resuspended in 1 ml of 2ϫ Laemmli SDS sample buffer and heated for 5 min at 99°C. After centrifugation (10 min; 20,800 ϫ g), 40 l of supernatant containing SDS-soluble proteins was subjected to SDS-PAGE with heat-inactivated staphylococcal cells (equivalent to an OD 600 of 10) as a substrate in the separation gel (10% acrylamide). Following electrophoresis, the gel was washed to remove the SDS and to allow protein refolding and incubated in phosphate buffer (0.1 M NaPO 4 , pH 7) at 37°C. Protein bands with bacteriolytic activities were detected as clear zones in the opaque gel.
Peptidoglycan purification and structural analysis. ST1000 cells were grown in 500 ml of TSB with or without 1 mM IPTG, and the bacteria were harvested by centrifugation (10 min; 5,400 ϫ g) at the time of cessation of growth in the absence of inducer (OD 600 , ϳ1). The bacteria were rapidly incubated in an ice-ethanol bath, and peptidoglycan purification was carried out as previously described (10) . Muropeptide composition and glycan strand length analyses were performed as previously described (5, 10) , except that to generate free glycan strands, we used the recombinant amidase domain of AtlA (kindly provided by Simon Foster, University of Sheffield, Sheffield, United Kingdom). Amidase digestion of peptidoglycan was performed in 10 mM Tris-HCl, pH 7.5, 1 mM CaCl 2 at 37°C with stirring overnight.
Cell wall biosynthesis and turnover. For measuring cell wall biosynthesis, TSB medium containing 20 M of N-acetyglucosamine (GlcNAc) and 0.1 M of [ 3 H]GlcNAc (10 Ci/mmol) was inoculated with an overnight culture of strain ST1000 at an OD 600 of 0.001 with 0.05 mM, 1 mM, or no IPTG. The cultures were incubated at 37°C with shaking, and aliquots (100 l) were taken every 20 min for 3 h (approximately six generations) and immediately frozen at Ϫ20°C. At the end of the 3-h labeling period, cells from the 0.05 mM and 1 mM IPTG cultures were pelleted (10 min; 5,200 ϫ g) and resuspended in prewarmed TSB containing 20 M of unlabeled GlcNAc and either no IPTG (cells from the 0.05 mM labeling culture) or 1 mM IPTG (cells from the 1 mM labeling culture) to measure cell wall turnover. Aliquots (500 l) were taken every 20 min over a 3-h period (about six generations) and immediately frozen at Ϫ20°C. Sample treatment and quantification were performed as previously described (11) with some modifications. Briefly, extracts were prepared by boiling samples in 4% SDS for 30 min and filtering them onto 0.22-m nitrocellulose filters (Millipore). The filtered samples were then washed (once with 3 ml of 0.1 M LiCl and three times with 3 ml H 2 O) before the retained radioactivity was measured.
Extraction of total RNA. Strain ST1000 was grown in TSB with IPTG (0.05 mM or 1 mM) at 37°C with aeration to an OD 600 of 1.2. The cells were pelleted (2 min; 20,800 ϫ g) and immediately frozen at Ϫ20°C. RNA extractions were then performed as previously described (7), followed by a DNase I treatment with the TURBO DNA-free reagent (Ambion, Austin, TX) in order to eliminate residual contaminating genomic DNA.
cDNA synthesis. Reverse transcription reaction mixtures (20 l) containing 200 ng of random hexamers (Roche, Basel, Switzerland), 0.5 mM deoxynucleoside triphosphate, and 5 g of total RNA were incubated at 65°C for 5 min to remove secondary structures and placed on ice. Avian myeloblastosis virus reverse transcriptase (25 U) and its buffer (Roche, Basel, Switzerland) were then added to the mixture. After 10 min at 25°C, the mixture was incubated at 42°C for 50 min. The reverse transcriptase was then inactivated by heating the mixture at 70°C for 15 min.
qRT-PCRs. Primers were selected with BEACON Designer 4.02 software (Premier Biosoft International, Palo Alto, CA) in order to design 200-to 300-bp amplicons ( Table 1 shows the primer sequences). Quantitative real-time PCRs (qRT-PCRs) were performed in a 25-l reaction volume containing 5 l of a 8258 DUBRAC ET AL. J. BACTERIOL.
1/100 dilution of cDNA, 1 l of gene-specific primers (10 M), and 12.5 l of iQ SYBR Green Supermix (Bio-Rad, Hercules, CA). PCR amplification, detection, and analysis were performed with the MyiQ Single-Color Real-Time iCycler PCR Detection System and the MyiQ Optical System Software (Bio-Rad, Hercules, CA). PCR conditions included an initial denaturation step at 95°C for 3 min, followed by a 40-cycle amplification (95°C for 15 s, 55°C for 15 s, and 72°C for 15 s). The specificity of the amplified product and the absence of primer dimer formation were verified by generating a melting curve with a final step of 80 cycles consisting of a stepwise 0.5°C temperature increase every 10 s, beginning at 55°C. The absence of contaminating genomic DNA was verified by testing each sample in control reactions without a prior reverse transcription step. The critical threshold cycle (C T ) was defined for each sample.
The expression levels of the tested genes were normalized using the 16S rRNA gene of S. aureus as an internal standard whose transcript level did not vary under our experimental conditions ( Table 1 shows the primer sequences). Each assay was performed in quadruplicate and repeated with at least three independent RNA samples. The change (n-fold) in the transcript level was calculated using the following equations:
, and ratio ϭ 2 Ϫ⌬⌬CT (35). Primer extension reactions. Total RNA was used as the template for primer extension reactions using OSA91, a radiolabeled lytM-specific primer (Table 1) , as previously described (7). The corresponding Sanger DNA-sequencing reactions were carried out by using the same primer and a PCR-amplified fragment containing the lytM upstream region (OSA90-OSA91) with the Sequenase PCR product sequencing kit (USB, Cleveland, OH).
Microscopy. For microscopic observations of bacterial morphology and organization, strain ST1000 was grown in TSB with or without 1 mM IPTG at 37°C under static conditions to an OD 600 of ϳ1. The cells were then immobilized using agarose-coated microscope slides as previously described (38) . Micrographs were taken under phase-contrast light microscopy at ϫ1,000 magnification.
Triton X-100 and lysostaphin lysis assays. Cultures of strain ST1000 in TSB with or without 1 mM IPTG were allowed to grow at 37°C with aeration to an OD 600 of ϳ1 (just prior to the arrest of growth in the absence of inducer). Cells were harvested (10 min; 5,400 ϫ g) and resuspended in the same volume of PBS (control) or PBS containing either 0.1% Triton X-100 or 200 ng/ml lysostaphin. These suspensions were then incubated at 30°C (Triton lysis assay) or 37°C (lysostaphin assay) with aeration. Lysis was determined as the decrease in the OD 600 over time. The results were presented as percentage lysis, calculated by dividing the measured OD 600 by the initial OD 600 .
Biofilm formation assays. Biofilm formation assays in polystyrene microtiter plates were performed as described previously (23) . Briefly, strain ST1000 was cultivated overnight in TSB plus IPTG (0.05 mM). This culture was diluted to an OD 600 of 0.1 in TSB plus 0.25% glucose with increasing concentrations of IPTG, and these dilutions were distributed in the microtiter wells (200 l per well). After 24 h at 37°C, the wells were washed with sterile PBS, air dried, and stained with 0.1% crystal violet for 15 min. The microtiter plate was then rinsed with PBS and air dried, and the stained biomass was resuspended for quantification in ethanol-acetone (80:20). The absorbance was measured at 595 nm and normalized to the OD 600 of each well culture (under the conditions compared in this assay, growth rates were the same).
RESULTS
WalKR-depleted cells die but do not lyse. Experiments designed to test the ability of WalKR-starved cells to recover under conditions where WalKR activity was restored showed that loss of the TCS has a bactericidal effect, with a drastic decrease in CFU following prolonged incubation after cessation of growth (13, 36) . In order to evaluate the effect of a lack of WalKR on a bacterial population, we used fluorescence microscopy and the LIVE/DEAD BacLight bacterial-viability assay (Molecular Probes; see Materials and Methods) on a culture of the S. aureus ST1000 strain in the absence of IPTG. This strain was previously described as IPTG dependent, since the yycFGHIJ operon is placed under the control of the IPTGinducible Pspac promoter (13) .
As shown in Fig. 1A , while the strain grew normally in the presence of 1 mM IPTG, growth was rapidly arrested in the absence of inducer, in agreement with the progressive dilution and loss of the WalKR proteins during the first rounds of cell division. As shown in Fig. 1B , during the exponential growth phase, the bacteria displayed green SYTO 9 fluorescence typical of healthy cells (Fig. 1B, T 1 , 65 min). Immediately after 1A and B, T 3 ). We noted that in the absence of IPTG, cells increasingly tended to aggregate (Fig. 1B , compare T 3 to T 1 ). As a control for cell viability under conditions of full induction of the walKR operon, we stained samples of the IPTG-supplemented culture, and as expected, nearly 100% of the cells were alive at each time point tested (data not shown). These results indicate that (i) cells stop growing, not because they die, but due to some primary event that is conducive to the loss of cell viability, and (ii) although the cells die, there are no associated gross morphological changes apart from their tendency to cluster. The WalKR TCS positively controls cell wall-hydrolytic activities. As described above, bacterial cell death due to WalKR depletion was not followed by lysis. Previous work performed in our laboratory indicated that the WalKR TCS might regulate the expression of at least one gene potentially involved in cell wall hydrolysis in S. aureus, lytM (13) . The hypothesis of a link between the absence of cell lysis and an impact of the WalKR TCS on global autolysin activity in S. aureus was tested by examining autolytic activities of SDS-extracted proteins, using SDS-PAGE containing heat-inactivated S. aureus cells (zymograms). We compared lytic activities of ST1000 cells grown with or without IPTG. As shown in Fig. 1A , cells cultured without IPTG rapidly stopped growing (around an OD 600 of 1), whereas in the presence of IPTG growth continued. Cells cultured with and without inducer were harvested immediately after cessation of growth of the WalKR-depleted strain, and SDS-extracted proteins were analyzed by zymograms following SDS-PAGE (Fig. 2 ) (see Materials and Methods). As shown in Fig. 2 , four major hydrolytic bands of approximately 150 kDa, 100 kDa, 70 kDa, and 35 kDa could be distinguished. As previously described, this is a typical S. aureus autolytic profile, in which the three heavier bands correspond to the bifunctional autolysin AtlA and its processed intermediates (1, 18, 53) and the 35-kDa band corresponds to the LytM autolysin (34.4 kDa) (43) . The intensities of these hydrolytic bands clearly show that when transcription of the walKR operon is induced, the activity levels of AtlA and LytM are strongly increased (Fig. 2) , reaching a level comparable to that of the RN4220 parental strain (data not shown). This is composed of two direct repeats separated by 5 nucleotides: 5Ј-TGTWAH-N5-TGTWAH-3Ј (Fig. 3A ) (13, 26) . We identified this sequence upstream from several genes annotated as encoding proteins involved in virulence, interactions with the host matrix, oligopeptide transport, or secreted antigens (13).
As shown above, WalKR controls cell wall hydrolase activity in S. aureus, yet apart from lytM, which encodes a major autolysin, none of the genes thought to be controlled by this TCS had been predicted to be involved in cell wall metabolism (13) . We therefore carefully reexamined the genome annotations of genes potentially belonging to the WalKR regulon, subjecting each encoded protein to a conserved domain architecture comparison using the SMART web-based analysis tool (http: //smart.embl-heidelberg.de; 34, 48). As shown in Fig. 3B and Table 2 , the results of this analysis allowed new functions to be deduced for several of the predicted WalKR regulon genes, suggesting that they encode proteins with cell wall-degradative functions. Apart from the major autolysin LytM (SA0265), which has an M23 peptidase Pfam domain (16; http://www .sanger.ac.uk/Software/Pfam), SceD (SA1898) and IsaA (SA2356) share a conserved transglycosylase/muramidase domain and SsaA (SA2093) and four structurally related proteins (SA0620, SA0710, SA2097, and SA2353) all share a common CHAP amidase domain ( Fig. 3B and Table 2 ). All of these proteins have amino-terminal signal sequences, indicating that they are likely to be exported and/or targeted to the cell wall or membrane. A schematic representation of S. aureus peptidoglycan and the known hydrolytic activities is shown in Fig.  3C , indicating that potential members of the WalKR regulon encode enzymes corresponding to all the different types of peptidoglycan degradation activities, i.e., glucosaminidase, transglycosylase/muramidase, amidase, and endopeptidase (Fig. 3C ). The region upstream from the atlA (SA0905) gene also contains a potential WalR binding site (Table 2) , albeit with two mismatches (boldface italics) (TGTAAA-N5-AGTATA instead of 5Ј-TGTWAH-N5-TGTWAH-3Ј), located 54 bp upstream from the previously determined transcription start site (42) . We had previously shown that purified WalR could bind in vitro upstream from the lytM, isaA, and ssaA genes, but it remained to be determined whether WalKR in fact controlled the expression of genes preceded by proven or potential WalR binding sites. We therefore examined the effect of induction of walKR expression on the transcription of these genes. cDNA was synthesized from equal amounts of total RNA from exponential-phase cultures (OD 600 , ϳ1.2) of strain ST1000 grown in the presence of 0.05 mM or 1 mM IPTG (low and high levels of WalKR, respectively). Relative amounts of specific cDNA corresponding to the transcripts of lytM, sceD, isaA, atlA, and ssaA and its four related genes (SA2353, SA2097, SA0620, and SA0710) were measured by qRT-PCR using specific oligonucleotide pairs (Table 1 ) (see Materials and Methods).
As shown in Fig. 4 , the walKR induction factor with low or high IPTG concentrations was reproducibly around sixfold, indicating that these conditions allow significant variation in walKR expression levels. Our results show that the mRNA levels of all nine genes increased, along with walKR transcription. The induction rates for expression of these genes varied from about 2-fold to more than 14-fold, suggesting that transcriptional activation by the WalKR TCS is not the same at each promoter. This could be due to the positioning of the WalR binding site relative to the promoter region, as well as variations in the consensus promoter sequences. These results were confirmed by primer extension experiments performed with the lytM transcript showing that expression levels closely follow those of walKR within the cell (Fig. 5A) . The nucleotide sequence of the region preceding the lytM transcription start site revealed appropriately spaced potential Ϫ10 and Ϫ35 regions sharing similarities with the consensus sequence of promoters recognized by the vegetative form of RNA polymerase, E A (Fig. 5B) . The previously established DNase I footprint of bound WalR extends from positions Ϫ80 to Ϫ117 with respect to the lytM transcription start site and is located 43 base pairs upstream from the Ϫ35 sequence, in agreement with the role of WalR as a positive regulator of transcription.
WalKR-depleted cells display increased aggregation. We have shown that the WalKR TCS has a positive effect on major autolytic activities of S. aureus. These activities are involved in many crucial cell functions and influence S. aureus development. One of the well-characterized phenotypes of several mutants in genes encoding cell wall hydrolases is their tendency to aggregate, since autolysins are involved in daughter cell separation (particularly AtlA), but also because cell-to-cell adherence is higher (3, 52, 56) . As shown in Fig. 6A , cell clusters were apparent in a static liquid culture of strain ST1000 cultivated in TSB without IPTG whereas in the presence of inducer the cells were well separated (Fig. 6B) . Fields for the cultures grown without inducer showed large numbers of clusters, and a representative field is shown. By contrast, when cultures were grown with shaking, the clusters were much less apparent and the fields for the ST1000 strain with or without inducer were similar (data not shown). This cell aggregation phenotype suggests that the WalKR system affects cell organization, favoring a compact population structure instead of cellular dissemination.
WalKR-starved cells are resistant to Triton X-100-induced lysis. To verify whether the positive effect of WalKR levels on hydrolytic activities is associated with increased susceptibility to cell lysis, we tested the effect of a nonionic detergent, Triton X-100, on autolysis. Triton X-100 is thought to trigger autolysis by removing lipoteichoic acids, which act as inhibitors of en- dogenous autolysins (44) . Strain ST1000 was grown in TSB without inducer or with 0.05 mM or 1 mM IPTG to an OD 600 of ϳ1 (the growth rates of the cultures were identical until that point). Cells were then harvested and resuspended in PBS (control) or PBS containing 0.1% Triton X-100 (see Materials and Methods). As shown in Fig. 7A , the WalKR-depleted culture exhibited high resistance to Triton X-100-induced autolysis, since less than 5% lysis was observed after 3 h. Comparisons of results obtained with the low-and high-induction cultures (induction with 0.05 mM IPTG and 1 mM IPTG, respectively) confirmed this result, since the resistance of the low-induction culture was intermediate (50% lysis was observed after 3 h for the lowinduction culture versus 2 h for the high-induction culture) (Fig. 7A) . Lysis in the control experiment, in which cells were resuspended in PBS without Triton X-100, was less than 5% over the same period for the three culture conditions tested (data not shown).
WalKR depletion leads to increased resistance to lysostaphin-induced lysis. As shown above, autolytic activities of S. aureus are up-regulated by the WalKR TCS. To determine whether this regulation entails modifications of cell wall structure, we examined the effect of WalKR depletion on lysostaphin sensitivity. Lysostaphin is a glycyl-glycine endopeptidase that specifically cleaves the pentaglycine cross-bridges of the staphylococcal cell wall, leading to rapid lysis of the bacteria.
Strain ST1000 was grown in TSB or TSB plus 1 mM IPTG to an OD 600 of ϳ1, and the cells were resuspended in PBS. Lysostaphin lysis tests were then carried out on the nongrowing cells. As shown in Fig. 7B , our experimental conditions (incubation in PBS in the presence of 200 ng/ml lysostaphin at 37°C) led to 50% cell lysis in 10 min, and 90% of the cells were lysed by the end of the assay, when walKR expression was fully induced. In contrast, cells unninduced for walKR expression displayed a lower lysis rate, and less than 40% of the cells were erties and synthesis of both endopeptidases (LytM) and hexosaminidases (IsaA, SceD, and AtlA), we decided to perform peptidoglycan structural analysis in the presence or absence of the TCS. Peptidoglycan was purified from ST1000 cells grown with or without 1 mM IPTG just after growth arrest of the WalKR-depleted strain. Purified peptidoglycan was digested either with the muramidase mutanolysin or with the recombinant amidase domain of the AtlA protein. Using high-pressure liquid chromatography (HPLC), we compared muropeptide compositions and glycan strand length distributions for the two growth conditions. WalKR depletion resulted in a modest increase in cross-linking (oligomeric material increased from 41.5% to 46.5%) and a decrease in muropeptides 2, 3, 4, 9, 10, and 14 ( Fig. 8A) , structures that are consistent with glycylglycine endopeptidase degradation products (10) . Interestingly, muropeptide 1, i.e., N-acetylglucosamine-␤(1,4)-N-acetylmuramic acid pentapeptide levels were lowered approximately fourfold, becoming virtually absent following WalKR depletion, likely reflecting a complete arrest of de novo peptidoglycan synthesis, as well as turnover (Fig. 8A) .
WalKR depletion had a more pronounced effect on the glycan strand length distribution, with an increase in the numbers of very long glycans (Ͼ17 disaccharide repeating units) and a decrease in short glycan species (Fig. 8B) . As previously observed for strains COL and 27s (5), strain ST1000 produced satellite peaks corresponding to glucosaminidase activity, but their proportions did not vary under the two growth conditions (data not shown). The observed increase in very long glycans could be due to WalKR-dependent control of the potential muramidase activities of IsaA and SceD, since AtlA was previously shown not to play a role in glycan strand maturation (5) .
WalKR has a positive effect on both peptidoglycan biosynthesis and turnover. As suggested by determination of cell wall composition, the WalKR system has an effect not only on cell wall degradation, but also on peptidoglycan biosynthesis. In order to measure the global impact of WalKR on cell wall turnover, we compared the rates of biosynthesis and turnover of peptidoglycan in the ST1000 strain grown with and without 1 mM IPTG. Peptidoglycan   FIG. 8 . Effect of WalKR depletion on S. aureus peptidoglycan structure. Structural analysis was performed by determining the muropeptide composition (A) and glycan strand length distribution (B). ST1000 cells were grown with (white bars) or without (black bars) 1 mM IPTG and harvested immediately after the cessation of growth in the absence of inducer. (A) Muropeptide nomenclature was as previously described. The upper graph represents the HPLC muropeptide elution profile of the ST1000 strain grown with 1 mM IPTG and the identification of the muropeptide species (10). Briefly, muropeptides 1 to 7 correspond to monomeric muropeptides, 11 to 14 to dimeric muropeptides, 15 to trimers, 16 to tetramers, and 17 to pentamers. Highly oligomeric muropeptides elute as an unresolved "hump." (B) Glycan strand species nomenclature corresponds to the number of disaccharide N-acetylglucosamine-␤(1, 4)-N-acetylmuramic acid repeating units (5) . The HPLC elution profile and identification of glycan strand species are shown in the upper graph. Satellite peaks were observed in low abundance and were excluded to simplify the analysis, since they did not change under the conditions tested (data not shown).
VOL. 189, 2007 REGULATION OF S. AUREUS CELL WALL METABOLISM BY WalKR 8265 biosynthesis was measured by incorporation of [ 3 H]GlcNAc (see Materials and Methods).
As shown in Fig. 9A , when expression of the walKR operon was induced by 1 mM IPTG, labeling increased exponentially, indicating progressive incorporation of [ 3 H]GlcNAc following cell division. In contrast, when the expression of the walKR operon was shut off, incorporation of [ 3 H]GlcNAc was markedly reduced, reaching only 33% of that of the culture in the presence of WalKR over the assay period, and appeared to be linear, indicating impaired peptidoglycan biosynthesis. This result confirmed our conclusion (see above) that the decrease in muropeptide 1 levels under conditions of WalKR depletion was indeed due to reduced de novo peptidoglycan synthesis. Growth of the strain was verified under the conditions used for the assay, and the growth rates were similar in the presence and absence of IPTG, except for the last time point (180 min after the beginning of labeling), corresponding to cessation of growth in the absence of inducer (data not shown).
The global effect of WalKR on cell wall turnover was measured as the decrease in cell-bound [ 3 H]GlcNAc over time during growth in the presence of an excess of unlabeled GlcNAc (see Materials and Methods). Figure 9B shows that cell wall turnover was clearly slower when the walKR operon was not induced, with a measured turnover of only 26% at the end of the assay (corresponding to the decrease in cell wallincorporated [ 3 H]GlcNAc over about six generations), whereas when the walKR operon was induced, cell wall turnover reached 87%. Growth of the strain was checked under the conditions used for the assay, and the growth rates were similar in the presence or absence of IPTG, except for the last two time points (160 min and 180 min after the beginning of labeling), corresponding to cessation of growth in the absence of inducer (data not shown).
WalKR positively controls biofilm formation. The ability to form biofilms is one of the main causes of the high prevalence of S. aureus nosocomial infections. In several cases, autolytic activity, such as that of AtlA, has been linked to biofilm formation (3, 24, 29) . Since WalKR controls S. aureus autolytic activities, including AtlA synthesis, the effect of the TCS on biofilm formation was tested. Strain ST1000 was grown for 24 h in TSB with increasing concentrations of IPTG, and cells loosely bound to the surface (in polystyrene microtiter plates) were removed by rinsing the plates with PBS. There was a clear increase in bound biomass as IPTG levels were increased, and cells adhering to the surfaces were stained with crystal violet and quantified by measuring the OD 595 . Cultures had the same growth rate, as measured by following the OD 600 . As shown in Fig. 10 , biofilm formation was directly dependent on IPTG concentrations, i.e., on WalKR levels in the cell (Fig. 10A to C) , indicating that the TCS positively controls S. aureus biofilm formation.
DISCUSSION
The data reported in this paper are the first to show a direct link between cell wall remodeling and the WalKR TCS. We have shown that WalKR activates the transcription of nine genes involved in all the different steps of cell wall degradation (lytM, atlA, isaA, sceD, ssaA, and four ssaA-related genes), all of which are preceded by potential WalR binding sites. In a previous report, we showed direct binding of the WalR regulator to the promoter regions of lytM, isaA, and ssaA (13) . Taken together, these results suggest that WalR binds to the upstream regions of these nine genes and enhances transcription from their promoters. Autolytic activities of S. aureus were also positively controlled by WalKR, including those of the two major autolysins, AtlA and LytM, and the lysis rate of S. aureus in the presence of Triton X-100 was enhanced by the WalKR system. Furthermore, enhanced resistance to lysostaphin was observed in cells starved for WalKR, suggesting a more global effect of this system on cell wall composition.
Peptidoglycan composition analyses indicated that WalKR depletion led to increases in peptidoglycan cross-linking and glycan chain length, modifications that correlate with the demonstrated regulation of cell wall hydrolases. In addition, we observed the disappearance of N-acetylglucosamine-␤ (1, 4) -Nacetylmuramic acid pentapeptide in the absence of WalKR, indicating a likely arrest of cell wall synthesis. Indeed, cell wall biosynthesis was strongly decreased when the WalKR system was absent. We have also shown that WalKR is required for cell wall turnover, probably due to its positive role in controlling both peptidoglycan biosynthesis and degradation. We have yet to identify WalKR-regulated genes directly involved in cell wall biosynthesis, which could suggest that this effect might be indirectly due to an arrest in cell wall degradation, but we cannot exclude the possibility that our proposed consensus binding site was too restrictive to allow us to identify the entire WalKR regulon. Indeed, atlA transcription is activated by WalKR, although its upstream region contains a degenerate WalKR binding site.
Cell wall integrity is critical for viability, and cell wall metabolism genes are known to be tightly regulated. Three regulatory systems have been shown to repress cell wall-hydrolytic activities in S. aureus, the LytSR and ArlSR TCSs and the Rat regulator (6, 19, 27) . WalKR is the first TCS identified as positively controlling cell wall hydrolase synthesis. Previous work on the WalKR regulon, especially in B. subtilis and S. pneumoniae, suggested a role for the TCS in cell wall metabolism. In B. subtilis, we showed specific interactions between WalR and the promoter regions of four genes involved in cell wall metabolism. These genes encode YocH and YkvT, two potential cell wall hydrolases, as well as the teichoic acid biosynthesis enzymes TagA/TagD (26) .
In S. pneumoniae, genome-wide expression profiling under conditions of depletion of VicKR (the S. pneumoniae WalKR orthologue) showed a decrease in transcription for two genes involved in cell wall degradation, spr0867 and spr2021 (37, 40) . The first encodes a protein with several cell wall binding domains and a domain with endo-␤-N-acetylglucosaminidase activity and has been characterized as the LytB murein hydrolase (12) . The spr2021 gene encodes PcsB, a protein with an amidase domain that has been linked to cell separation during cellular division (45) . The VicK kinase (a WalK orthologue) is not essential in streptococcal species, and it has been shown that the essential VicR regulator (a WalR orthologue) is not required in S. pneumoniae when the pcsB gene is constitutively expressed (40) . It is interesting that the S. mutans PcsB homolog, GbpB, is also regulated by the VicKR (WalKR) system, while it has not been elucidated whether this is correlated with the essentiality of the vicR (walR) gene (49) .
In a previous study, we identified 31 genes potentially regulated by the WalKR TCS in S. aureus and showed specific binding of WalR to the promoter regions of three of them (ssaA, isaA, and lytM) (13) . We show here that the presence of WalR binding sites is associated with transcription activation for nine genes involved with cell wall metabolism, defining the major function of the S. aureus WalKR regulon.
The WalKR (originally YycGF) TCS has been referred to by several names in different bacteria, such as MicBA for its reported role in controlling competence in S. pneumoniae and VicKR in S. pneumoniae and S. mutans for its role in virulence and competence (14, 54) . Considering that WalKR is very highly conserved among low-GϩC gram-positive bacteria and that several of these are neither naturally competent (S. aureus and L. monocytogenes) nor pathogenic (B. subtilis), we believe this diverse nomenclature is confusing and inappropriate. Given the plethora of data now firmly establishing the major role of WalKR in cell wall metabolism in all the bacteria in which it has been studied and in an effort both to simplify the nomenclature and to refer to this TCS by a name which truly reflects its function, we propose referring to it henceforth as WalK (YycG histidine kinase) and WalR (YycF response regulator).
Among the predicted WalKR-regulated genes, none have been found to be essential in S. aureus by genome-wide screening using antisense RNA (17, 28) . Nevertheless, our data show a global regulation of cell wall hydrolases by the WalKR system. Cell wall hydrolases have been shown to be involved in numerous cellular processes crucial for cell physiology, such as peptidoglycan maturation, cell wall turnover, cell separation, and protein secretion (50) . Genes encoding cell wall hydrolases are highly redundant in bacterial genomes. In S. pneumoniae, two genes encode CHAP domain proteins with an amidase activity: pcsB, an essential gene whose activation is responsible for WalR essentiality, and cbpD, encoding a choline binding protein involved in competence-induced cell lysis (31) . In S. aureus, however, there are more than 10 genes encoding putative amidases with a CHAP domain (based on data from the SMART database), and we have shown that WalKR regulates at least 5 of them. This strongly suggests that the essential nature of WalKR in S. aureus is probably not linked to the regulation of a single gene but is likely to be multifactorial, involving global regulation of redundant cell wall-related functions. Studies are now in progress to test this hypothesis.
Cell wall metabolism is involved in many cellular processes; thus, as expected, modifications of peptidoglycan degradation are linked to a wide range of phenotypes. The first characteristic associated with modulation of cell wall hydrolases is sensitivity to compounds that target the cell wall, particularly antibiotics. A second well-documented phenotype associated with a defect in autolysins is the propensity of planktonic cell suspensions to aggregate. This has been particularly well studied with AtlA, since cells of an atlA mutant strain aggregate in liquid culture and this phenotype can be reversed by the addition of purified AtlA to the cell suspension (52, 53) . A similar phenotype is associated with the absence of a more recently identified amidase-type autolysin, Sle-1 (29) . The aggregation/ cell separation defect phenotype of AtlA-or Sle-1-deficient strains has been at least partly correlated with the role of these autolysins in the splitting of the septum during cell division, whereas a possible effect on noncovalent cell-to-cell adherence remains to be specifically characterized (1, 29, 56) . A more unexpected function of autolysins is their involvement in biofilm formation. While autolysin-deficient strains show increased intercellular interactions (formation of clusters), they are impaired in their capacity to form biofilms because of a defect in primary attachment, as shown for atlA and atlE mutants of S. aureus and Staphylococcus epidermidis, respectively (3, 24) . In agreement with our results on the activation of autolytic activities by the WalKR system, we have shown that depletion of this system leads to phenotypes directly related to a lack of autolysins, e.g., higher resistance to cell wall-active compounds (Triton X-100 and lysostaphin), cell aggregation, and impaired biofilm formation. In S. mutans, WalKR has also been shown to positively control biofilm formation (49) . Interconnections with cell wall-hydrolytic activities were not studied in S. mutans, but several phenotypes resulting from disruption of walK, encoding the kinase, suggest that it could be involved in controlling autolysin activities (cell clustering and rough cell surface) (49) .
Peptidoglycan dynamics play a central role in bacterial pathogenesis, because of its role in maintaining cell shape and in exposing cell wall-anchored proteins, but also because peptidoglycan degradation products, muropeptides, are powerful virulence effectors (4). Many covalently cell wall-anchored polymers, such as teichoic acid or sortase-dependent proteins, have been shown to play a role in S. aureus virulence, and thus, it is likely that any factor interfering with cell wall turnover, as shown here for the WalKR system, could influence the exposure of virulence determinants at the bacterial surface. Moreover, it has been shown that released muropeptides (cell wall degradation products) play a major role in induction of the proinflammatory response (21) . As the WalKR system controls the expression of genes encoding cell wall hydrolases, it could influence the proinflammatory response and consequently the capacity of the host organism to combat S. aureus in the early stages of infection. Future research will aim at characterizing the impact of WalKR-dependent control of S. aureus virulence.
